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THZ TWISTIl!lGOr THIM-wAL~D, STIF~HED CIRCULAR OYLIITDERS*

By l?, Schapit%

SUMMARY AND DEDUCTIONS .

On the basis of the present investigation of the
twisting of than-walled, stiffened circular cylinders,
the following conclusions can he reached:

1. There IS as yet no generally applicable formula
for the buckling moment of the skin. 17hileIn the DVL
tssts tho valuee obtalnod with Donnollle formula for the
buckling strength In t~let of Unstiffenod circular cylin-
ders aro in sufficiently C1OSO agroemont with the exiori-
montal results - tho offocts of tho stiffeners and of the
prebuckling canceled one another approximately - this
finding cannot be looked upon as being of general validity.

2, The mathematical treatment of the condition of
the shell after b-icl:lingof the skin is based upon the
teneion-field theory, wherein the strain condition Is
considered homogeneous. The etraln associated with the
formation of buclclos is replaced by a mean contraction
of the ckln in circumforontial direction (mrln~llng C y )s

amount~ng, at the most, to tr=-’?j$ in tho event that

tho arc length botweon tho strlngors (angle at tho cantor
ql) has shrunk to the chord length. For the stress con-
dltlon it is assumed that the principal axes of stress
and strain are coincid~nt and consequently in the same di-
roctlon. Aseumptione aro tLISO made mbout tho second prin-
cipal strose Da. Tho assumptions about the wrinkllng
!Y and tho princtpal stress cra result in two t~es of
tension field: namely, the comploto tension field, whero-
In the wrinkling CY has reached the higheet possible “r

*-
— -——___________ —— -..—-

*“flberdie Drillung d&nwandi:~or, versteiftfir Kroiszylin-
dersehalen.’1 Lilienthal-Gesellscbaft fur Luftfahrt-
forschung Jahrbuch 1936, pp. 94-132.
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and the prtncipal stress ae is nei-

ther locally variable nor affedod by the load; and the

incomplete tension field wherein
%

<!W and
24 ‘

(J*

varies locally and is affected b“ytho load. The treatment
is extended to a case of complete tension field (a= =-

To) and a case of Incomplete tension field. For tho lat-

ter, it was assumed that the stress condition mldwa~ he-
tweon the stringers (with C3 = - To) changes steadily
into the condition prevailing in the skin strips ovor tho
stringers and results fron tho conbinod bending-compros- .
sivo stress of-tho latter. From observations during tests,
it was found that with increasing load tho incomplete ten-
sion field “stretchosll itself into c conploto tension
field. The functions, according to which tho wrinkling
and tho constants of tho stress condition change hereby,
aro, for lack of sufficient oxperinontal data, assunod
for tho present.

3. The twisting tests In tho DVL on stiffened cir-
cular cylinders, woro accoapaniod by stress noasurononts
on tho skin, the stringers, and tho bulkheads. In addi-
tion to that, the strains on tho shell surface ~or~ re-
corded and tho angles of twist of the shells measured.
The comparison of the theoretical with the experimental
results disclosed that, on assuming a conplote tension
field, the angles of twist were computed’much too great,
and tho stresses in the stringers and bulkheads too high,
while on ahsuning an incomplete tension field the theo-
retical results could ho largely reconciled with the ox-
perinental results tJy suitable choice of tho proper con-
stants for tho ‘stretching IIof tho tension field.

4. Applylng the calculating nethod to the rarigeof
twisting moment at failure, the latter can be predicted
sufficiently exact froa buckling-bending tests on panels.
For thin .skln and strong stiffeners the calculation for
conplete tension field affords sufficiently accurate re-
sults; hut if tho skin is thick and tho stiffeners weak,
this calculation results in an underestimate of the ulti-
mate twisting strength, hence an accurate calculation pos-
tulates an incomplete tension fhla.

5. Additional theoretical investigations are neoes-
sary rogardlng the buokling. strength of the skin of stiff-
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ened circular cylinders tn twist, as WO1l as on the buck-
ling pattern originating-after buclcltngand tho rolatod..
stre”sscondttlon, in order to chock the assumptions of the
present calculations theoretically.

.
6w l%rther exporinonts aro need.od to e-lain the “ “

prooess of stretching of the sheet panels fron the first
formation of the buckles to the completely formed tonslon
field. Investigations are further noedod on the lnzckling-
bonding strength of stiffened sections under various loacl
conditions for computing the ultlnato torquo pL/Q Of “
stiffonod circular Cylinders.

I. IITTRODUCTION.

Suppose a circular cylinder with thin skin reinforced
by stringers and bulkheads as in figure 1, is stressed in
twist. In the following the stress distribution in the .
shell and the strain from the moment of applied load to .
final failure is investigated.

The present problem is significant for airplane stat-
ics ~i.ncethe circular cylinder servos as schematic sub-
stitute for tho variously desi~od shell bodies. Tho lat-
ter are, in several cases, stressed simultaneously in
bending with transverse force and twist. A study of the
behavior of shells Dder combined load postulates the
knowledge of the shell strength and stiffness under simple
stresses. Twist is the stmplest case of shearing stress;
the stress from normal forces and that from bending mo-
ments have been studied previously. It may even become
possible to estimate the ~trength of shells under combined
load from simplo fornulas if the strength under simple
loads is known. To this end a throough investigation of
the hitherto little-treated problem of twist (reforonco 1)
is WO1l Justified.

The study is restricted to shells of very small skin
thickness s in relation to the cylinder radius r=
(s:r < 1:400); it 10 further assunod that at least six

. stringers at equal spactng b“ are arranged over the cir-
cumference and that the bulkheads thonsolves are of equal
spacing t. Tho latter are attached to the stringers %ut
not to the skin. The stringer section is synnetrical;
tho frano stiffness of tho syoten forned by tho stiffonors
is disrogardod.

— . . . . -
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Seotion II Itactonoerned with checking the available
posslbllltles for ooxputlng the buokllnjg stress of the
skin of a stiffened ctrcular cylinder under twist. Sec-
tion III treats the behavior of the shell after lnzckl~ng
of the skin, theoretically, on the basis of an improved
tension-field theory, and experimentally, as reflected. in
twtsting tests made by the DVL on stiffened ctrcular cyl-
inders. Seotlon IV explores the possibility of predict-
ing the ultimate twisting noment fron the results of buclc-
llng-bonding tests on shell panels.

II. BUCKLIliG OF SKIN

The sheet panels between the stringers ma~ ho consid-
ered as long strips (width h) with, origf&ally, cylin-
drically curved nedian surface which under twist are
otressed in shear. There exists up to now no theoretical-
ly founded formula for the Wckllng stress of such curved
strips.

For the buckling stress of unstiffened circular cyl-
inders (length t) in shear, Donnell has deweloped a for-
mula which, applied to large ratios rH:s. reads as fol-
lows:

E
To = 0,769 E18

(1 - Pa)

(%)=’4p)”a

where E is the modulus of elasticity, and v is Pois-
son*a ratio. For M = 0.3, it is: -

To = 0.815 E @’4 p)””
H’

(1)

Considering the sheet sections between the stringers
as flexible, built-in, ahoar-stressed plates, their lmck-

~ ()Saling strength Tot = 5 –—- -
l-~ab

will he of the ordor

of magnitude of the buckling stress To computed accord-
ing to equation (1), and even higher for very ”close string-
er spaoing h. It is therefore”anticipated that on stiff-
ened shells the ?nmkling stresses Tos computed according
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.

to equation (l), wI1l be tfoolow. On the other hand, Don-
nell has indloatod that the exporlmental values are alwavs
lowor than.the theoretical figures because of the pre-
Inzokllngeffect.

For the shear .etr”ess in buckllng of curved plate beams,
H. Wagner applies the fern@.a:

(la)

where in k~ = 0..12 and for buSlt-in edges the value ~ =
9..1;for superposed edges the value ~ = 5.3 must be
written In. The coefficients themselves are referred to
an average span-chord ratio, not to a long strip.

Twisting tests made by the DVL on stiffened ciroular
cylinders (see also Under III, 2) supplied the data ap-
pended In table I. According to it, Donnellls formula
yields sonewhat lower values, although the agreenent an
view of the uncertainty surrounding the experimental solu-
tion of the buckling stress should be looked upon as being
satlsfactorym On the present teat specimens (oylinders
II, III, and IV) tho probuckling effect approximately neu-
tralizes the stiffeaer sffect. From this observation, no
conclusions nay be drawn as to shells of other dlnqnsions -
nore particularl~, as cFlindors 111 and IV were mlre~dy
prestressed and manifested probuckling. Wagnerts formula
(la) had proved itself in tests with curved panels built
In betwoon rigid-edge members. In tho present tests, it
not only gives too high values but also falls to includo
qualitatively the difference in the buokltng strength of
the skin of oyllndors III and IV. The e~lanation of this
disagreement Involves,other than the prebuckling effect,
that of the restraint. Eesides, the lengths of the ear-
ner investigated sheet sections ~ero muoh shorter ooEl-
pared to the skin sections on the explored shells. .

The problom of huokling stress of the skin of stiff-
ened olrcular oylinders in twist therefore remains largely
unexplained. A thorough mathematical study ia under yay
in the DVL. .

ii . . .. . -.– ----- _ — - — . . .—-— — ——- ..—
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1

cyl-
inder
No●

II

III

IV

2

Skin
thick-
ness

mm

0.4

.39

.54

TABLEI

BucklingStre~sesand Momentsof the Skin-
Theoreticaland Experimental

3141516

Radiu
of

shell
Ww‘::
centerlizg l:ng

!moxm t 8tresn
%=tiHtkg cm ~@#cma

0.320 i31200‘ 77.6

.2&l‘22200 56.9

400 I .490~53400~ 99.0

71,8 I 9 ! 10

Theoreticalvalueo*——— ~——
DonnellfefmmulalRagnsrIsformula**—— ——

[

.— —— .— —
Buck- Br.c9s- T

.——...+Buck- Fuck--
li?lg ling ling lin3
moment Btreae moment BtlreBB
kgcm kg/cl@ ~ cm kg/cm*

—— —

18600 46.3 59100 144
~

18850 I 48.3 1 6E?2001 175

35”-@-l-E0e_-
m~~th E = 740000 kg/cma and v = 0,3,
**For built-in edges with kE = 9.1.

In the following theoretical arguments o.ndexperimen-
tal evaluations, the buckling stress is computed by formul-
a (l).

III. ST~SS AND STHAIN AFTER 3UCKLING OF THE SKIN

1. Theoretical Considerations

a) Fundamental assumptions for tho tension fielt&- Up.—— ..——.—
‘—--—(T e T~ the stress distributionto buckling of the skin

is completely uniform. The principal axes of the stress
slope at 45° toward the generating line and the principal
stresses have the magnitudes al = + T and ~a = - T.
The stringers aro twisted through the same angle as the
shell, whereas the bulkheads remain untouched.

Buckling of the skin Is accompanied by a stress re-
arrangement , The ensuing skin wrinkles indicated on sev-
eral exhibits of figures 2 to 4, transmit, essentially,
tensile stresses in longitudinal direction, but only ulnor
stresses in transverse sirectiono Through the deflection
of the wrinlcles the stiffener system is loaded radially
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inward. Moreover, the stringers must support the shell
longitudlnall~ - that is, beoone stresse~ In compression.-. ..----A~cordt-~&-.to.<fi~&g-g-2 ‘~o--4,%he wrinkling c~b be oonflned
to the free shoot panels betmoen the stringers; the strips
of slclnriveted to the stringers do not buckle. Tho proo-
esses on failure are desorlbed in section IV.

In the absence of any method for solv~ng the buck-
ling stage of mzrved sheet panels in shear by means of
the olastloity theory, suitable substltutss must he re-
sorted tO. In the following, the “tension fteld” denotes
a fictitious oondition~based on obser~tions, that rOplaCeEI
the true. stress and strain condition, and affords a com-
prehensive solution. The assumptions involved refer to
the strain oonditlons and to the stress distribution.

Tho strain condition iS consldored homogeneous, and
the nonuniform strain associated with tho Inmkling is re-
placed by a moan circumforentin,l contraction of the skin.
Thts shortening of the circumference throu h tho wrink-
ling (indtcatod hereafter as wrinkling ~Y is detorminod
in the following manner: The traoes of the median sur-
face of the buokled ekj.nwith the kongitudlnal section
pianos placed through the axis of tho shell, have wave.
form (fig. 5) and permit, for sufficiently great shell
length, the prociso determination of one nean skin radius
each in each Intersooting plane. Tho baso lino of the
cylinder surface formed with these moan radii (l’substi-
tuto surfaceil)runs between the stringers - usually between
the original arc and the chord - and 1s, by suitable shell
length, symmetrical to the ‘Ipanelcenter”
~11

(fig. 5). If
Is its arc length between string~rs, and bl the

original arc length, the wrinkllng & Is defined by
.

Cy= y % If !7 shortens the arc length to ohord

,. The series development of qlJ2, Interrupted aft~r
the term of the third degree, leaves tho form

k
..%.*

*Tho wrinkling was originally introduced by H. Wagner in
the calculation of the angle of the principal axes.

ii
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For the st-resspanel It is assumed that .the principal
axes of streeg and strain are coincident In the region
between the stringers and, accordingly, in the same direc-
tion everywhere. The assumptions made about the second
principal stiress ~a will be analyzed in section III, lc.
The skin strips above the stringers are adjudged as parts
of the stringers in the width where they touch the string-
ers. If the eectione are closed, the strip between rivet
rows Is counted as part of the stringers.

tieral streng “and strain formulas.- Figure G pre-
seritsa eection bounded by two stringers and two bulkheads
and the -chosen coordinate system. “ From the theory of plane
strain, ‘the angle a of the principal
the positive x-axis (c is the maximum
follows ~s:

.

strain direction to
positive strain)

(2a)

Allowance for the assumedly homogeneous strain panel
Is Ude by the introduction of mean values for the locally
variable stresses and strains in the range O<x<t and

.b*y<++m Denoting the average value of the principal
—

tensile stress al with 51, that of the compressive

stroso ax in the stringers with 7=, while disregarding

thg transverse extension due to Dav we have:

c = Trl/g”
and besides,

The strain ~ is composed of: the bulkhead compres-

sion %1
= G# (cry compressive stress in bulkhead),

cthe wrinkling y, and the related shortening of the shell

circumference
CYa ‘

caused by the deflections f of the

stringers and the local indentations ~rH at their points

of support at the bulkheads. Hence , we have:

* (~ + ArH)
‘Ya = - rH

and

...— -- .-—.---
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Herein ? is the average value of the LLsfleottons f be-
tween two bulkheads. I’ofimula(2a) mm be rmtiton as:

. . .-. .-

tans a E — ‘1 - an
(2b)

[

? + ArH
ul-ur-z”t=-

1rH “

The shearing strain % follows from the strain the-
ory ae:

‘XY=2cota (c-c=)= 2tmna(c.-~)

and, after insertion of equation (2a), ae:

Y
Xy = 2J(C - c=) (c - c=)

The angle of tmiet of the total circular cylinder
(length t) iS:

(3)

(4)

TO compute theoe strains tho stress condition in the
buoklod skin must firet ho analyzed. The shearing stress
in the section of tho circular cylinder to he taken %y tho
skin is under torquo T:

l!
T = (5)

with ~n as normal strese in the section perpendicu-
lar to the generating line, and. or as the ring etress,
the equilibrium equations for the skin element (fig. 7),
read:

u. = am + T cot al
A -A

‘From the”general f-ormilas of
followss

‘z + ‘a = % +

the strese oonditlon,

or ..
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so that, ftnally:

“T
ul. —

Elln ccCos cc

% =T tana

an =T cota

(6)

----

The angle a is assumed to be known, and the four
stresses ~~, Us, an, and ~r as unknown. There being only

three equations available, one of the stresses - say, the
second principal stress U= - requires an assumption.

c) Special afl~,lnptionsfor different tmo~ of “&qq-
sion field ‘- In the following,.—— —- ●

the aaaumptions from III,la
for the tension field are supplemented by assumptions for
the wrinkling !Y and the second principal stress Ua -
and the terms “conpletel’and “incomplete” tension fteld
are introduced.

By ‘lcompletelltension field is neant a stress and
stress condition wherein as is constant locally and un-
der load, and in mhich the wrinkling CY corresponds to
the shortening of the arc length hetreen stiffeners to
that of the chord - that is, ty=- cpl~24. A special
case of complete tension field is Given by H. Wager in
his unidirectional tension field with Ua = O and ~y =

cpla/24.

A tension field is incomplete if the principal stress
u~ is a function of the coordinates x and y and of
the shearing stress T, and inherethe wrinkling 1= has
not as yet reached tho value - Ql~24.

well

with
sion
This

Experiments on plate beams with flat web plates as
as the tests described under III, 2, have shown that
Increasing load tho condition of tho Incomplete ten-
field changes into that of the complete tension field,
process is called IIstrotchi.ngl:of the tension field.

In the case of the conpleto tension field treated In
the next section, ~a iS oquatod to - To, and henco it
is assued that the second principal stress prevailing
when the skin buckles, preserves its magnitude even under
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of incomplete tension field,
suggested by the experiments, is discussed on.the assump-

--- tion that the-”prlnolpal stre”ss aa reaohes ~a =-TO

but only In the center of the panel between two strdngers
(7 = O, fig. 6), wh31e at all other points Ga remains

dependent on the ooordlnates and the load on the basis of
the following argument: The normal stress u~ is (see
equation 6) at y u O for aa = - 70 a tensile stress

(unm).s unaffected by the abscissa x, at y = b/2 (see
fig. 8), on the other hand (strees UnL )s it is governed
by the oombined Wnding-compression stress of the string-
ers. So, while for tho complete tension field at

5s ass~e;bl/2, a jump In strosB (from ~nm to ~nL) m
for the incomplete field the chango is to be uniform. For
y = o, it is:

~~Onm=7COtU-70 (7)

I’orthe transition, it shall %0:

(8)

with erponent l/w related to the load.

B’igur6”8 indicates that the curve ~n(Y) hugs the

straight llne an = anm so much oloser as w decreaso:s.

For w = O nithin the range of O < ~ < bl/2:Un = Unm and
consequently, the oondltion of oomplete tension field
reached. The llstretohingl~of the tens~on field taking
place with Increasing load i.atherefore bound to a de-
croaso of w toward soro. For u = 0.6, dn(?) Is a slm-
plo sine our%. The variation of C* follows from equa- .
tions (6), (7), and (8) as:

Since unL depends on T and x and, in add~tion,
w on ?, ‘a Itself ia depondont on x, y, and T. For
computing the atross unLO the stress in the stiffener
-must be analyzed.

“~~,loulat ion of streaO and strain.- The stress

,..
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in the stiffener s~etem after buokling of the.skin, con.
slats of a radial compression due to the ring stresses,
and an axial compression due to the normal stresses. The
longitudinal and cross sections through the shell of flg-
uro 9 illustrate this very plainly.

!l!hecut through the panel center between the string-
ers (fig. 9) must, on account of the radial symmetry, bo
freo from shearing stresses perpendicular to the sheet
surface, even for flexurally resistant sheet. In the two
cases (explained under c)) o“fcomplete and incomplete ten-
sion fd.eld,tho ring stress in this section is:

‘rm = T tan a - 70 (lo)

grointhe equilibrium of the half shell (8) in figure
9, the bulkhead stress follows as:

~F=+~mst=o
hence ,

S.-t (T tan cf--;o)%=-r
Y

(11)

with ‘r indicating the sectional area of the bulkheads.

In consequence of the radial symmetry of the ‘substi-
tute surface,~i+he IIsfretchingn (Strekkenlast) load, which
stresses the stringers radially as a result of the ring
stress, follows as:

P
T

= 2 arms sin ; (12a)

VvIf the angle Q is small enough, so that sin - - - ,
then 22

P= arm S ~ = s g (T’tan u - ?.) (121))

For incomplete tension field and curved substitute
surface , a flexural sheet stiffness Is presuned.

..-.

In the general case, the stringers are trsated as
bars supported at many.points by the bulkheads; the bending
moments are computed with Clapeyron~s equation. With equi-
distant bulkhead spacing t, they are stresssd like beams
built in at both ends, and the bending noment is found as:

Ilml
I
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pf? rl
1

5+$=$ [
1

E@*(T tan U-TO) - - ‘al (13 );+7
6 tJ

MhLY~-l~-tt . .
.

The average value of this moment between two Imlkhoads

it Mb dx disappears as a’redult of tho ro-16 zero since o

stratnt tnngonts parallel
the stringer~ 1s:

P t4
yL=——

1 JL 24

The average iez

at both ends. !Chedeflection of

(

=S a=a X4
—-* —+=.3 )

(14a)
t t

y. p t4 ao’.—. (-r tan a -
720 E JL

To)
= 720 E JL

(14b)

Hereby J
a

Is tho momont of inertia of tho stringer
section, inolu Ing tho Stril)of tho skin aSGUMOd as being
Offoctivo. ~L indicates t~o section nodulus with rospoct
to the neutral axis located at tho skin side. Tho comblnod
nornal sotross in tho skin ovor tho stiffonor is:

0’nL = u=+%
~L

(15)

whoro 0= is tho noan conprossivo stress in the stringers.

The avorago 5nL between two bulkheads Is 6nL = 5X, bo-
causo the noan value of ~ disappears. .

Mo normal foroo Iming applied on the shell, the com-
presnivo stress U= in tho stringers is, with allowance
for tho radial symmetry:

..- . . ---

(YL = eoctton of stringer

1)1/2.

f
Undy=o. ..

.-. ,.-

) %d oonsequonily: .
. .

1-... ----
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(16)

o

Consider first the case of Inoomploto tension field and
equation (8) wrltton into equation (16). Then

lT/2

/

i

The integral J(uJ)= ~ ~inl/w
m.

XdX for wholo num-

0

Lborod valuGs of ~ = m divisible hy 2 is obtainod from:*

.1f

/

IT2

g m:
sinm xdx=~—=

L

(18a)
Trm In,)
o ●)

m is not divisiblo by 2, then the formula

n/2.

g
f

sinm X d x = 2m (%+7 ~ (18b)
IT* m m!
a.

should be used.

Sinco w is generally fairly small (< 0.5), that is,
m great, tho calculation may bo limited to tho whole num-
%ored values of m and tho rest intcrpolatod. Figure 10
Illustrates a curve of the Integral J(w) for tho range of
w= o to w= 0.5. Transforming equation (17) by tnsert-
Ing equation (15), tho solutlon with rospoct to u= can
bo offoctod and yields (with ab (X) = Mb/WL):

—. —-—— .....——. —

●For example, Jahnke-Emde, Z’unktionentafeln, 2d edition,
p. 95.
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-8
flx=

[‘nm {1- “J(w)) + Oh(x) J(w)
1 + 8 J(w) 1

With the abbreviation

a

~= 1-J(w) this beoomes;
1 + 8 J(w)’

(19)

With incomplete tension field, the compressive stress
cr~ therefore depends on abscissa x in the same manner
as the bending monent. “ Slme the nean value of ~b(x) be-
tween two bulkheads disappears, the average value of (JX
is:

G= =- 8 R Unm = - 6R(Tcota-To) (20)

For complete tension field w = O, and hence, J(u)”=
o: herewith, E = 1 and the compressive stress ax? be-
comes independent of x:

CJxt = ‘6Un~= -8(Tcota-To) (20a)

Since E c 1 with incomplete tension field, the
stringers are not strossod as high as with tho comploto
field.

Tith oonpleto toqsion field, the principal stress UI
is everywhere (cf. derivation for equat~on 6).:

‘lm =Unm+T tan a (21)

This stress preva~ls in the center of the panel (Y = 0)
If.the tentaion field Is Incomplete. Outside of the center
(y >0), it Ifs:

al = r)l/w _q + T tan a r=~m - (Unm - UnL) sin +Ttancz
1

The average value of al ‘in the entire panel is:

t 3J2

fl

a

~“iiy ,-
U1 dx ~ = unn + T tan a - (anm-~x) J(w)

00

—— ——.— .—
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After inserting eqyation (2o), we find$

771= T tan a + unm [1 - J(uJ) (1 + 8 R)]

and, sinoe

Z-J(W) (Z+8R)=R

according to the definition of R, we havex

7JZ= R(Tcota-To)+T tan a (22)

The necessary terms 51s -~, 07, ? for computing

principal axes angle
(11), and (14). tans a ie ~x~~~~~d

a follow from equations (22)
The equation (2a) for

with E/T. Or E/T (for.uldlrectio~l tension field)

and gives with the abbreviations d = ~, Y = s ~, and
o Y

K sl?t4.——
= 720 rH JL

for Incomplete and for complete tension

field with us = - To:

ta~a a . ~

whereby

z = R (1 + 5) “(d cot a- 1) + d tan a (23a)

and

N =R(dcota-l)+d tan a+(Y+K)(dtana- 1)

For complete tension field with Ua = - To, me sub-

stitute R = 1 and ~y = - Cp=a/24. The angle of twist $

foil’owsfrom equation (4) as:

@=$>Jzir (24)

For the special case of unidirectional ten”kon field
(U8 = O), it gives:
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(l+~)oo%a+ tana
tane cc= —-—- (23b]

.... . Ra
rootcz+. tanci(l+y+~) +7 *’+A~ .)

..

and the angle of twist:

(24a )
The total stress and strain formulas have been colleot-
ed into table II.

Assuming at first the quantities R, ArH, and (y for.

the different loading conditions represented by 4.= T/T.

as being known, the method of computing the stress and
strain In a clrmil.arcylinder in twist is as follows::

Compute tho shear stress in buckling To of the skin
with equation (1) or s~me other Improved formula. The
faotors Y, K, and 8 are known construction quantities.
Estimatci first, anglo a, and chock whether equation
(23a) or (23b) Is complied with. If such is not the case,
try an angle CL greater or smaller as the right-hand side
of the equation became too great or too small. The method
convergos quite rapidly. Togother with tho function u(d),
oompute the angle of twist acoordtng to equation (24) or
(24=). Having ascertained theso functions, the streeses
and strains then follow.from tho formulas of table II.

e) roviaional aaoumntions on
&o%lsaon klm-

tpe ~s~retohln~n of w
The oalculatlon de~ived .in the,preceding

seotlon Is feasible only when ~V(il) and .R(~) or w(d)
are known. Both funotions shoulk largely be dependent up-
on tHe two parameters s[rH and CPl= h/&H. only,- slnoe
mechanical similitude is to be assumed. “Thqir”e-ct solti-,.
tion demands oxhaustivo exporimonts. . ..: ~..

!ihefunotions (y(# ). and ““~(d) can be ~asoertatned,

for example, by oxaot bulkhead stress Uy . measurement on
a stiffonod shell and determination of the anglo a from

—.— — -—
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the tetatdata with the aid of equation (11). If this is
supplemented by a record of the mean compressive stress

a= in the stringers at point $ = ++ c ~ (Mb = O), then

R(d) can be determined from equation (20). The angle of
twist $ d must be obtained from experimental data; from
equations (24) and (23a), we have (for ArH = O):

Cy=+ [R (d cot a-l) + # tan a + (Y+K) (4 tan a-l)] -

*s rHa E
.

4Za Toa [E (1+8) (d cot a-l) + d tan-fi
(25)

Equation (23a) for tana CL may serve as check.

Yor evaluating the experiments described in section
111, 2, some provisional assumptions for the functions .
~(d) and R(d) ‘were introduced. Uor Cy, we assumed:’

(26)

the incomplete changing to completo tension field, if d =

~ho has reached the value dz Introduced as free value.

For the variation cf the reduction factor R, a lin-
ear relationship was assumed in the experimental range,
whereby a value R. extrapolated with respect to d = 1
enters as second free value. The assumed relation reads:

R++(l. RO)T+
z

““(27)

The proper-selection of R. and d% and the extent
of approval of the ass~ed relations in c’ornpkrisonwith the
measurements will be discussed. in the next section.

,.

“f) Comparison with earlier cal~ulati~n methods .- The
calculation methods. deduced earlier by Elmer and”Heck (ref-
erence 1), and Wagner and .Ballerstedt (reference 2), for
the stiffened oircular cylinder and the plate girder with
curved web plate, .raspect$vely, are predicated on the as-
sumption of complete, Unidireoti.onal t,ensioqfield, sudden
appearance b with bucklingp and subsequent Independence
(~r “=- &/24)’ f’romfurther load. Participation of skin
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strip above thd stringers 5s om5tted. The skin lnmkltng
strength .As allowd for by subqtl.tut~ngthe excess T-TO
for the shearing stress T in Ebll equations.* The pure
shearthg condition at the instant of buckling’ is v5flual-
ised as being superposed on the unldirec$tional stress oon-
dltion of the tension field. Since the two eondltlons do
not have the same prinolpal axes, the direeti.on of the
principal strain iS ooinciaent with that of the prinoipal.
stress of the tension field but not with that of the prin-
cipal stress resulting from the superposition. The formu-
las for the Xbner-Eeok method are sho~ in table II: the
calculation (see sootion 111, 2) was checked on the e~ori-
mental data. ,.

., .
2. T&eting Tests with Stiffened Circular Cylinders :

.,
a) pr.QCedUre and Interpretatioq~f t“est~.~The circu- .

l“aroylinders used by tke DVL for these twist tests are
shown in figure 11. The principal dimensions are given h
table III. Cylinders III and IV had been subjected to pre-
stresses as a result of other kinds of tests prior to the
stress measurements and the ultlmate twtst tests.

The loading arrangement for applying-pure “torque is
shown in figure 12. The length ohangoa wore rocordod on
Huggenborgor and”Okhui%on.Staoger type strain gages attached
to tho test speclmons by spiral springs. The determina-
tion of the etresses from tho length ehangos prooeedod on
tho basis of modulus af elasticity of ~ =“740,000 kgjma. .

Sin~e the violent vibrations accompanying the forma-
tion of buckling preoiuded an accurate tens30meter reading
during thq lmokli.ngprocess, the strain changes @id .tobe
measured at a pme~load located oonslderably above the buclE-
13ng load. The stage~.of the torque within.whtoh the stress
cly+ngeswore recordea, ranged at:

. . .. :

133,500 kg/em and 178,100 kg/cm on oylinder 1$o. II

“71,300 kg/cm and 133;500 kg/em on oyllnaers Hos.. III and IV

Betwooh thoso leak stages the ohanges of the following
stresses wore reoordod:

——

●Wagner and Ballorstedt remove the prinolpal stress al,.
resultlng In unoertai.nty in violnsty of buckling as pointed
out by the authora.

—. —. —— —— —— --
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cyl-
inde:
Ho●

II

III

IV

1.

2.

3,

4.

The””princi al tensile stress (ntenslon diagonal
78tre8st1 U1 ..” ..

The oompress3ve stress ax in the stringers.

Compressive stress ay in the bulkheads.

Bending stress ah in the stringers.

TABEE III

Dlmensioneof Test Specimens
i I I

*1. &i”n” Propor- 1
tion of

l-i

Number

6kln Total‘triWera ‘fto total Btringere

T 18X0.432
=0.77

.39 8.72

I
.54 ] 6.25

Figure 13

section ‘

cm’ Oma percent

Bulkh-
ead
spac-
ing

Om

36,

36

36
:{

Length
2

betweex
clamp-
ing
rings
m

2200

1840

2200

1840

Remarks

Str.ea8-
strain

Bretiing
test

indicates the test stations. The tensi.on-
-diagonal stresses were”measured at a median line of the
panel between two stringers; that is, at the ~owest and
hi,ghestpoints and at the turning points of”the’wrinkles,
while the tenslometers wore mountod with the gage length in
the direction of the wrinkles. The stresses wore moasurod
at the stringer sections and on the skin strips over them,
and - with a view to checking the relationships u=(x).

and Cb(X) - at five points each in three,panels between
the bulkheads.

The angles of twist of tho shells were measured across
the entire strain range up to failure. The elastio” lines’
of the stringers and the form of wrinkles were recorded in
the range of the load stagew cited abovq. The angles of

‘-
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twist were reoo~ded w~tihplumb llnes attached to the olamp-
ing ring and to the leadlng ring. The strains on the oyl-

. S.nd.ersurd’aoewere-reoorded,on-a meohan50al bridge (fig.
14) constructed by Engineer I’reitag. It carries 18 dial
gages capable of registering radial displacements of the
surfaae points along a generating ltne of the shell. LChis
made it possible to reoord on a str~ngor the elasti.o llnes “
under different loads as well a= to determhe the bhifting
of the support points on the bulkheads. Ii’orrecording the
form of the wr~nkles, the bridge WS started at zero load
and at the load stageg mentioned above on two sheet panels
along everV three equidistant gonorating lines~ The sur-
faoe measurenonts wore confinod to oylimders III and IV.

The ‘bendingmoment U% and the mean compressive
strees u= In the
stresses a~ and
loving formulas:

lib =

(JX =

stri.nge~s should be oomputed from the
aIII (f~gm 13), aooord.ing to the fol-

(28)

(29)

En%ering the compressive stresees as positive, the
bending noments effecting tensile stresses on the skin
side of the sections will be positive. The distance.s
eI and ‘III belonging to test stations I and III from
the seotion cb”ntroidare written in with their amounts.
On account of” JL , ‘Is and “ ‘III’ the position of the
po~nts oomputed, according to equations (28) and (29), de- “
pends upon the assumption of effective skin strip. These
‘ex~er~mental Values” of. Mb and =x can.thereford be
oompared’ only with SUCh .the.or.etioal~lues aq a“re”oomputed
on the basis of the .dane assumption.”

l’orthe comparison of the “thoo~y and”th~ o~perimants~
it was assumed that tho XOOQ1 indentations Ar= undorgono
by tho bul~hoads at tho points of support of tho stringers,
aro proportional to thq ttiansvorso load p throughout tho
rango fron inoiplont buckling (T= To) to tho ond of tho
provlously cited test “range. The faotor of” rise ia .ob-
tatned fron conparing the recordet indentations at start
and end of the ranbg and the related transverse loads.

. .
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For the range from end of test rhnge to failure, the fat=
tor of rise was figured at half as great as In the test
range for the purpose of allowtng for the fact that, due
to the effect of the webs, the bulkheads I!ecome increasing-

- ly harder “against growing local indentations. The inden-
tations may be seep h figures 24 and 25.

“The eyl~nders Nosh” 111 and IV were computed on the
basis of the oomplefieand of the Incomplete tension field,
according to the method described ~n-soctlon III, 1, while
the method of Ebnor-Heck was chocked also. I’orthe lncom-
pletb” tension field the free ~lue~ R. and d% were so
chosen that the dlsc&epanc5es.of the theoretical from the
experimental figures at the angles of twist and fbiling
strengths (explained in section IV) became mlnimun. The
figures are appended in table IV: .. ..

~) Shell stresseq.- All stress changes treated in tho
following, relate to the stages of torque cited under 111,
la. The changes in the principal tensllo stress Clm ob-
tainod for the panel center Imtween stringers, are plottea
against x in figure 15; the section of the wrinkles is
indicated below it. The temt values oa cylinder III (thin
skin, many wrinklee) are substantially the same at the
various points of tho wrinkles, whereas at the highest and
lowest points of the wrinkles on cylinder No. IV, they are

maximum and aisclose minimum values at tho turning points.
On cylinder Ho. III, the test values are considerably sca.t’-
tered around a mean value approximately constant over the
length. The theoretical values, constant over x, accord-
ing to all methods, lie on the average in the center of
the scattered experimental values, thus confirming the as-
pect of a complete teneion field in the contpr of the panel.

. .
The bending moments Mb (fig. 16),.computed from the

test data with the aid of”equati”on (28), follow over” x,
according to’s kind of bending moment line for uniformly
distributed load ana two-end restraint. The ctirvdsfor.
both tho complete and incomplete tension field are coinol-,m
dent anti.yield excessive values for cylinder III. For cyl-
inder IV, the agrpement is better although a few experi-
mental values aiverge in the vicinity of x = t.

AS regards the compressive stresses a= in the
stringers (fig. 17), “the test values in the center between
bulkheaas are ~lowor than at tho bulkhead points x = O
and x = $. On cylinder No. 111,.the curve computed for
incomplete tension field runs through tho scatter rango of.-

. .
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the experimental values; on eyllnder 190. IV, it .oorre-. “
. .-.. spends .t~.that o.f..the $psztbpoints ~,tqthq -stresses are

oomputed about 50 percent too high.
..,.

With the asfinrption
of Uomplete tension field, the calculation disregards the
variation of ox with x: the valnee themselves are sub-
stantially too htgh, especially on oyllnder Ho. IV, and by
the Ebner-Heok method, the dtvergenoe is’even greater- .

The test data on the bulkhead stresses ~ (fig. 18),
are mlelead3ng”at the points of support of tho stringers
on oylinder Ho. 111, as a result of 100al defleotiop of
the flanges; henoe, the averaging must be dono with the
values at the points between tho stringers. Yhe theoretl-

“ ot%l values for complete and Incomplete tension field are .
coincident again: they are about 25 percent too h5gh on
cylinder Ho. 1119 and border the scatter gone of the ex-
perimental points on cylinder Ho. IV. By the ~tmer-Heok
method, the error Is still greater.

9) Straiq From the buokling pattern of the skin
in figures 2 t~-4, it may be seen that the wcvs length of
the wrinkles inoreases with inoroaslng width of the pan-
els between stringers. The wave length and position of
the wrinklesere not Substantially altered during the
etraln, although tho wrinkles heaome deeper.and the points
of deflootlon at tho strlngors are plainly discernible.
The ‘Iangleof wrinklingll formed by the gemratlng lines of
the approximately prisnatie wrinkles in the center between
the stringers with the generating lines of the circular
cylinder rema~ns lar”gelyoonstant under increasing twist.
I’lgure19 presents various cross sections of the buckling
pattern for oyli.nders III and IV. The median-curve of
these sectione which is the base line of the Jlsubatitute
surfac!eNmentioned In section 111, la, lies on cylinder “
Ho. III, near to the ahord, on oyllnder Mo. IV, between the
original oiroular am and the chord.

The plotting of the oboerved angles of twist, recom-
puted to original free length of 220 centimeters (fZg. 20),
indicates that oylinder Ho. II has lowest rtgldlty with
respeot to twist, while lie. 111 has the greatest twisting
rig3dity; cylinder Moo IV manifested, Unaer first loading”;
a sudden” rise in angle of twist on lnmklhg, which w~-snot
observed when the load has repeated.

Ylgure 21 shows the oomputed angle a of the p%inci=
pal axes~ directions a~ainst the torque. E’orIncomplete
tension field, angle cc on buckling of 45° decreases with
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vertical tangent, passes thro~h a mlnlmum,”and slowly ~n-
creases again. l’orcompleto tension field, the angle a
Jumps at T = 70 to an angle Go dependent on tho struc-
tural quantities and the buckling stress To‘ and rises
evenly. In both cases the angles would, at very htgh val-
ues of 2/T. approach one and the same value, affected
only by Y, K, and 8, provided no change In material be-
havior occurred in the meantime. The computed principal
axes? angles do not agree ntth the measured angles of
wrinkles. In principlo elastio displacements in the di-
rections Incllneilunder the angle of wrinkling are defi-
nitely feasible. B the Ebner=-Heckmethod, angle a

~jumps from 45° to O when T = !CO, only to r18e again im-
mediately with vertical tangent, and then follow a course
similar to that for complete tension field.

In”tho solution of tho angles of twist (fig. 20), on
the assumption of incomplete tension field, tho correct
choice of ~ and d= af~ords a satisfactory agreement
hetwoon tho computed curve $ (T) and the test points.
The theoretical VUlues are somewhat too high on cylinder
No. III, but a more favorable oholce of ~ and dz
would result in an excefislvely high theoretical falling
strength. (Cf. section IV.) For T = To, tho calcula-
tion Involves a minor jump in angle of twtst, since the
share of c in equations (2a) and (4), due to the second
prinoipal stress ua and the radial displacement, is not
allowed for. Asswi.ng a complete tension field, the sud- “
den wrinkllng ~y at T = To, results in a great jump of
angle of twist; the computed values are much too high
throughout the entire range. By the Ebner-Heck method,

it givef!$=Oand~ =rvat 7 = To; in the further

course the computed angles of twist themselves are too .
great, although the error IS somewhat less than with the “
complete tension-field method.

d) Reyitiw of the calculating nethodqs~ Under the as-
sumption of incomplete tension field, the calculation for
cylinders Iios. III and IV can, by proper seleetion of R.
and 6Z be brought into satisfactory agreement with the
experimental results, both as regards buokling stiffness
and ultimate buckling strength (fig. 20, and section IV).
The provisional assumptions, equations (26) and (27), are
therefore practical to a certain extent for defining the
“stretching N of the sheet panels. With the chosen %
and 6Z, the compressive stresses Ux of the stringers
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on cylinder Iio. III are oorreot within the experimental
. range, but toc high for c@inder Ho. IV~ Tho latter is

probably due”to tho stronger..thanlinear dearoase of curve

E(d) against G+al. The ring stresses oncyllnder

IV are obviously co&ted aorrectlym since-tho thboretioal
and experimental values for bending momonts and bulkhead
stretiieos are approximately the same. The theoretical ~1-
ues for bending monent and bulkhead stresses are too high
for cylinder Ho. 111. A plauszblo explanation for this is
that the second prlneipal stress, aven in the c!entor,bo-
twodn stringers, iS sonewhat dependent on the shearing
stress ‘r. But a oonplete explanation is inpossiblo un-
til the loglttmaoy of R(d) and ~(d) has been proved
by experiments. ,. . ,.

Tith the use of the complete tension field, the an-
gles of twist are nmh too high. This divergence 1s
largely attributable to the assumption of wrlnkllng ~y
on lnmkling. The compressive stresses in the stringer~
are tolerably corroct mtthln the experimental rango for
cylinder No. III, sinoo R - 1; but the fact that R < 1
results In markedly exco~sive theoretical values for ax
on cyllndor Ho. IV. As to bulkhead stresses and henting
moments, the same statomont ~de for inconplote tension
field holds true.

With the compressive% stresses In the stiffeners as a
result of the omitted effective skin.strip and (on oylin-
der Ho. IV, espeolally) the different kind of allowance .
for the skin-bu~kl~ng strength, the Ebner-Heck method
yields oven greater errors than the ealoulatlon for oom-
pleto tension field; and the results are dnilar with the
Ua@er-Ballerstedt method.

The solution of the twisting stiffness is therefore
‘“contingent upon aoourate experiments on the behatior of
.the sheet panels in the huoklln.g stage; for this, ac$eount
of the ~lincomplete tension field” is absolutely essential.
On the contrary, ealoulatlon on the basis of c!omplete ten=
sion field is praotlcal for ostlmating *he expected stress-
0s, since it comprlges.their order of magnitude and al~ys
romalns on the safe side. .
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TABLE IV

Comparitaonof Theoreticalaad EzperkentelFailingTorqueValueo “

II

III

IV

Experi-
mental
failing
torque

198,500

307,000

231,000

Theoreticalfallingtorqueand diecrepa
Complete~nsion field! IncompletetenEl

I 1
Theoret- Diacre?- IEree value Theoret-
iCal Bncy Ical
failing R. d~ failing
moment ❑oment

,cies
n field-——
Diacrep-
aricy

percent

-1- - -
I

309,mo +1.0 0.85 ~ 43 318,200 + 3.8

198,200 ;-16-2 i .72 ; 601250,000 1 +8.1

IV. IiWESTICATIOIT 01’TEE FAILIiT(3!I!ORQU3!

1. The Falling Torque and Its Solutlori

The failing torque is, according to table IV, highest
on cylinder I?o. 111; lomost on cylinder No. II. In all
caces the failure takes place as column effect of tho
stringers. On cylinder No. II (figs. 22 and 23), the
stringoro are twisted, as a result of which the offoctlvo
qomont of inertia of tho seetions continues to drop as
tho load increases. C~llnder 10. III (fig. 24.),being of
clOsOd prof$le form, does not manifest this phenomenon;
failure takes place.as the result of denting of the sec-
tion flanges. The we%s of the open-hat sect$ons of cylin-
der No, IV (fig. 25), twist individually, while the back
OS the section is dented in. The strips of the sheets riv-
eted to the sections are dented on the very points of fail-
ure as a result of the buckling of tho sections; on the
remaining points they remain smooth. This fact pormlts
the application of tho assumption of offectivc sheet to
the solution of the ultimato torquo.

It IS logical to compute the.ultimate torque on the
basis of buckling-bending tests with shell panels. In
the following the bulkheads are assumed to ho strong
enough to effect a lnzckllng of the stringers In one wave
each in every bulkhead panel.

...-—. -—-—-— .-
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The compression In a stringer Is PL = 6= 3’L; the
..

statla cross-load on””~t-between.two -bulkheadtais Q=pt.
The ratio A = P~Q between both follows from equatfons
(12b) and (20) as:

(30 )

Shells with thin sktn and etrong stiffeners may he—

exprossod with h - - ~ R cots a when approaching $ail-
cpt “

ure. The ratio A therefore depends upon ~: this funo-
A?b) can be COmpUtOd if a(d) and R(6) are known.
The axial load on each stiffener is:

PL = - 8 R FL To (6 cot a- 1) (31)

In tho buakllag-bonding tests the shell panels, being
of a length equal to the bulkhead spacing, aro subjected
to a uniformly distributed cross load. The ends of the
sections should be lnziltin. T’lgure 26 indicates the load-
ing and the experl.nental arrangement. The ratio h E PL/Q
is varlod during the tests: the failing loade pLB are
plotted against A, figure 27. Given the relatlon
‘LB(A) and the function A(d) (fig. 28), a function
pL~(d) is obtainable that gives the Rxial loads still
supported under tho different stress conditions d on the
%asis of the related load conditions h. The intersection
of the curvee pL(d) and PLB(d ) defines the stress coa-
“dit~on dB, at which the shell should fa%l as a result of
exhausted carrying oapaoity of the l~ngitudlnal seotlo-ns.
The ultimate torque is. !cB= *3 To. The argument holds
only for the case that the axial load PL remains below
the Eular buokltng load for supported bar ends.

2. The Buokling-Bonding Tests on Shell Paaels

The shell panels oonsisted of two longitudinal sec-
tions bordering &Lriveted skin panel, and resembled a
eheot panel of the respoctlvo cylinder. Tho lopgth of the
panels equaled the bulkhead spacing of tho cylinder. The
skin section was not fastened to the clamping anglqs and
was not subject to any outside compression. Tho cross load

-.(fig. 26) WaS distributed as evenly as possible over tho
length by means of woodon strips and felt liners.
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The test procodure and the aapoot of the break were
the same as for the cyllnder test. The soetlons of the
panels belonging to cylinder Ho. III, failed after inden-
tation of the flanges; but thoso of panel 13a (cylinder
IV) failed through %mlsting failure of the nehs. s

Tho tests indicated (fig. 27) on the panels with
closod sections (of cylinder III), first a rapid, and sub-
sequr3ntlya slower, increase in the faillng load PLB

with tho load ratio A = P~Q. R’orthe panels with open
sections (cylinder IV), the ultimate axial load within the
explored rangb (A bet~oon”3 and 4) is very.lfttlo affect-
ed by A. All experiments indicate a wide scatter zone.
For the solution of the twisting stiffness the lower mar-
gin of this zone is decisive, slnc.ethe failure Is always
initiated by the weakest of a large number of identically
stressed sheet panels.

Loading two individual stiffeners instead of a panel,
the former - if of closed section - proved stronger than
the sheet panels in spite of the absence of the skin sec-
tion, because with the latter the buckling of the section
flanges is initiated by the skin. On the panels of open
sections the skin had no effect on the strength.

3. Checking the Calculation against the Test Data

The calculation of the breaking torque included both
tho complete and the incomplete tension field. !l!hedata
appended in table IV allows a comparison with the oxporl-
mental results.

Premised on a complote tension field, the breaking
torque of cylinder No. III was computed exa”ctat 1.5 per-
cent, while on cylinder No. IV, it was computed 16.2 per-
cent too low. From this it follows that with thin skin
and strong stiffeners the assumption of incomplete tension
field leads to a sufficiently exact solution of the
strength. For somewhat thicker skin and weaker stiffeners,
the values by this calculation method are too low, since
the tension field oven at failure is still not completely
stretched.

I

The calculating method for incomplete tensioq field
contains the free values R. and dz which on cylinder
No. IV could be so chosen that the theoretical and experi-
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mental angles of twist would g3VS tho samo results. With
those free -lues, the breaking torque Is computed 8.1
peroent too high; this discrepancy- is of the order of mag-
nitude of the scatter in the lmckllng-bend~ng tests. On
cylinder Ho. III, the values & and d% were so chosen
that the discrepancy remained small for the angle of twist
as well as for the breaking torque. With a value R. =
0.74, the theoretical and experlmeqtal values of the cbn-
gle of twist are i.dentioal, whj.le the theoretical break~ng
torque is about 25 peroent too htgh.

It should be remembered that the buckling-bend~ng .
test wZth sheet panels does not oompletel~ reproduce the
effect of the wrinkling deflections at tho stringers, be-
cause the wrinkles ~ In contrast to the transverse load
applled in panel tests - twist the section flange and so
inttlate its buckling.

Translation by J. Vanier,
HationcblAdvisory Committee
for Aeronautics.
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Figure2.- CylinderNo. II afterbucklingof the skin.

Figure 3.- Cylinder No. 111 after buckling of the Bkin.

Figure 4.. CylinderNo. IV afterbucklingof the skin.
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Figure 12.- Experimental setup for twisting tests.
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~igure22. - Failureof cylinderNo. II inpurg twist.

(insideview)
Figure 23. - Ihilureof oylinderNo. 11 in puretwist.

(outsideview)
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Figure 24.. Failureof cylinderMo. III in pure ‘
twist(insideview).

Figure 25.- Failuze of cylinderIio.IV in pure
twist ( insideview).



&f-’” ‘
,,,.,. .,,,,, ,!

p,

,.

, ,, ,, , , ,., ,,- ,-- ,,,..,, ,,,,,.,----- .,,-l.—.-.—-

Mmoramdm Y@. 878 ma. 86.8?*UI

-,- *bimA-ff .. ...”..,:...=.

tg i%
Figura~.- Loading●yatem amd teat ●rrangemmtfor

bucklin@emdiM test withsteelpamels.

,,

., .,

,.

,.



—.

llll~ll~g~~~~]~~lllll“~,“:,’ ‘::::”,:.:’.”:::,.,’——..-—————_ .,..’,,.,,,.

.>


